Edited by Ronald C. Wek cGMP-dependent protein kinase 1 (PKG1) plays an important role in nitric oxide (NO)/cGMP-mediated maintenance of vascular smooth muscle cell (VSMC) phenotype and vasorelaxation. Inflammatory cytokines, including tumor necrosis factor-␣ (TNF␣), have long been understood to mediate several inflammatory vascular diseases. However, the underlying mechanism of TNF␣-dependent inflammatory vascular disease is unclear. Here, we found that TNF␣ treatment decreased PKG1 expression in cultured VSMCs, which correlated with NF-Bdependent biogenesis of miR-155-5p that targeted the 3-UTR of PKG1 mRNA. TNF␣ induced VSMC phenotypic switching from a contractile to a synthetic state through the down-regulation of VSMC marker genes, suppression of actin polymerization, alteration of cell morphology, and elevation of cell proliferation and migration. All of these events were blocked by treatment with an inhibitor of miR-155-5p or PKG1, whereas transfection with miR-155-5p mimic or PKG1 siRNA promoted phenotypic modulation, similar to the response to TNF␣. In addition, TNF␣-induced miR-155-5p inhibited the vasorelaxant response of de-endothelialized mouse aortic vessels to 8-Br-cGMP by suppressing phosphorylation of myosin phosphatase and myosin light chain, both of which are downstream signal modulators of PKG1. Moreover, TNF␣-induced VSMC phenotypic alteration and vasodilatory dysfunction were blocked by NF-B inhibition. These results suggest that TNF␣ impairs NO/cGMP-mediated maintenance of the VSMC contractile phenotype and vascular relaxation by down-regulating PKG1 through NF-B-dependent biogenesis of miR-155-5p. Thus, the NF-B/miR-155-5p/PKG1 axis may be crucial in the pathogenesis of inflammatory vascular diseases, such as atherosclerotic intimal hyperplasia and preeclamptic hypertension.
tion, subsequently causing inflammatory cardiovascular disorders. However, the underlying pathophysiological mechanisms have not been clearly elucidated.
Increasing evidence has demonstrated that miRNAs (miRs) are involved in the pathogenesis of various cardiovascular diseases, such as atherosclerosis, hypertension, and stroke, through the post-transcriptional suppression of gene expression by targeting the 3Ј-UTR of specific mRNAs (8) . Although several miRNAs, such as miR-22, miR-31, miR-133, and miR-145 (9 -12) , have been shown to be implicated in VSMC proliferation and phenotypic modulation, leading to the development of vascular dysfunction and cardiovascular disorders, the molecular mechanism associated with miRNAs in phenotypic modulation of VSMCs by inflammatory cytokines has yet to be fully understood. Our recent studies demonstrated that TNF␣ causes vascular dysfunction through down-regulation of eNOS expression due to increased NF-Bdependent biogenesis of miR-155-5p (13) . However, little is known about the functional role of miR-155-5p in NF-B-dependent PKG1 expression and VSMC phenotypic modulation in inflammatory conditions.
In this study, we found that TNF␣-induced biogenesis of NF-B-responsive miR-155-5p promotes VSMC phenotypic switching and vasodilatory dysfunction by inhibiting PKG1 expression in VSMCs. These findings suggest that miR-155-5p plays an important role in VSMC dysfunction associated with intima formation and hypertension and thus may be a potential therapeutic target for inflammatory vascular diseases.
Results

TNF␣ down-regulates PKG1 expression
As pro-inflammatory cytokines, including TNF␣, are crucially involved in the pathogenesis of various inflammatory vas-cular diseases (14) , we investigated whether TNF␣ regulates PKG1 expression in human aortic smooth muscle cells (HASMCs) and isolated primary mouse aortic smooth muscle cells (MASMCs). Treatment of HASMCs with TNF␣ resulted in a significant decrease in PKG1 mRNA levels at 24 h, with a further reduction until 72 h (Fig. 1A) . Consistent with this, TNF␣ treatment dramatically suppressed PKG1 protein levels at 48 h (Fig. 1, B and C) . Similar suppressive effects on PKG1 expression were observed in HASMCs stimulated with other inflammatory stimulants, such as IL-1␤, IL-6, and lipopolysaccharide ( Fig. S1, A and B) . In addition, TNF␣ treatment also decreased mouse PKG1 mRNA and protein levels in cultured MASMCs (Fig. 1, D-F ). Furthermore, ex vivo TNF␣ stimulation of de-endothelialized mouse aortic vessels down-regulated mouse PKG1 expression ( Fig. 1G) . These results suggest that TNF␣ down-regulates PKG1 expression in cultured primary human and mouse VSMC and isolated mouse aortic vessels.
TNF␣-mediated PKG1 down-regulation depends on NF-B-responsive miR-155-5p
Because NF-B plays a crucial role in regulating the immune response and stimulating inflammation-associated gene expression, we next examined whether NF-B could be involved in TNF␣mediated negative regulation of PKG1 expression. Pretreatment with the NF-B inhibitor Bay 11-7082 or transfection with siRNAs for NF-B subunit p65 siRNA rescued down-regulation of PKG1 mRNA and protein levels in HASMCs stimulated with TNF␣ ( Fig. 2 , A-C), suggesting that NF-B is an important player in TNF␣-induced negative regulation of PKG1 expression. It has recently been shown that NF-Bresponsive miR-155-5p contributes to the inhibition of expres-
Figure 1. TNF␣ regulates PKG1 expression in HASMCs and MASMCs.
A-C, HASMCs were stimulated with TNF␣ (10 ng/ml) for the indicated time periods. A, PKG1 mRNA levels were measured by qRT-PCR. B and C, PKG1 protein levels were determined by Western blotting and quantified using ImageJ software. D-F, MASMCs were stimulated with TNF␣ (10 ng/ml) for the indicated time periods. D, mouse PKG1 mRNA levels were measured by qRT-PCR. E and F, mouse PKG1 protein levels were determined by Western blotting and quantified using ImageJ software. G, de-endothelialized mouse aortic vessels were stimulated with TNF␣ (10 ng/ml) for 48 h. Mouse PKG1 protein levels were determined by Western blotting. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significant. Error bars, S.D.
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sion of some genes, including eNOS, in the vasculature (14) . We analyzed whether PKG1 is a possible target for miR-155-5p using TargetScan (www.targetscan.org). 3 We found that miR-155-5p could negatively regulate PKG1 expression by complementary binding to the 3Ј-UTR of its mRNA, and its target site was highly conserved in several species, including humans, nonhuman primates, and rodents ( Fig. S2A ). As expected, TNF␣ elevated miR-155-5p biogenesis in HASMCs, and this effect was blocked by treatment with Bay 11-7082 or knockdown of the NF-B subunit p65 ( Fig. 2D ). Similar regulatory effects on PKG1 expression and miR-155-5p biogenesis were observed in HASMCs transfected with siRNA specific for IB kinase ␤ (IKK␤) (Fig. 2 , E and F), further confirming the involvement of NF-B in biogenesis of miR-155-5p. As expected, several activators NF-B, such as IL-1␤, IL-6, and lipopolysaccharide, stimulated miR-155-5p biogenesis (Fig. 1C ) and subsequently down-regulated PKG1 protein levels (Fig. 1,  A and B) . These results suggest that NF-B-responsive miR-155-5p could negatively regulate PKG1 expression in HASMC stimulated with TNF␣.
PKG1 is a bona fide target of NF-B-responsive miR-155-5p
To examine the possibility that miR-155-5p down-regulates PKG1 expression, we first assessed the correlation between miR-155-5p and PKG1 mRNA levels in HASMCs stimulated with TNF␣. Following stimulation with TNF␣, PKG1 mRNA levels were markedly decreased in a time-dependent manner, whereas miR-155-5p levels were rapidly increased 24 h after stimulation and thereafter slightly decreased ( Fig. 3A) , indicating that PKG1 mRNA and miR-155-5p levels are inversely correlated. This suggests that NF-B-responsive miR-155-5p is a negative regulator of PKG1 expression. We further examined whether miR-155-5p regulates the expression of human PKG1 by complementary binding to its 3Ј-UTR. Treatment with TNF␣ suppressed the activity of a PKG1 mRNA 3Ј-UTR-based reporter, but not the activity of its mutant reporter, and the decreased WT reporter activity was rescued by a miR-155-5p inhibitor (Fig. 3B ). In addition, transient transfection of miR-155-5p mimic inhibited the 3Ј-UTR activity, but not its mutant activity, as did TNF␣ (Fig. 3B ). Consistent with this, TNF␣ or miR-155-5p mimic attenuated PKG1 mRNA and protein levels, and the inhibitory effect of TNF␣ was reversed by a miR-155-5p inhibitor ( Fig. 3 , C-E). We next determined comparative levels of miR-155-5p in HASMCs treated with either TNF␣ or miR-155-5p mimic or inhibitor. As expected, transfection with miR-155-5p mimic highly increased cellular miR-155-5p levels, whereas the miR-155-5p inhibitor suppressed TNF␣-induced elevation of miR-155-5p ( Fig. 3F ). Collectively, these findings suggest that TNF␣ negatively regulates PKG1 expression by NF-B-responsive miR-155-5p biogenesis.
TNF␣ induces VSMC phenotypic switching by miR-155-5p-mediated down-regulation of PKG1
To examine the role of TNF␣-induced miR-155-5p in the regulation of VSMC-specific contractile gene expression, HASMCs were incubated with the membrane-permeable 8-Br-cGMP, an endogenous mimic product of the eNOS/soluble guanylyl cyclase pathway, following treatment with TNF␣, TNF␣ plus miR-155 inhibitor, or miR-155-5p mimic. TNF␣ treatment suppressed mRNA and protein levels of contractile genes in HASMCs, such as ␣-smooth muscle actin (␣-SMA), smooth muscle 22␣ (SM22␣), smooth muscle myosin heavy chain 11 (SM-MHC11), and calponin, and this suppression was reversed by transfection with a miR-155-5p inhibitor (Fig. 4 , A and B). As expected, transfection with miR-155-5p mimic inhibited expression of the contractile genes, as was seen with TNF␣ treatment (Fig. 4, A and B) . We further examined the effect of TNF␣-induced miR-155-5p on cell morphology and actin cytoskeleton rearrangement in HASMCs. Cells treated with TNF␣ or miR-155-5p mimic underwent morphological changes from spindle-shaped to a spread-out or rhomboid/polygonal shape with reduced cytoskeletal rearrangement, and the TNF␣-induced morphological changes mostly disappeared by an miR-155-5p inhibitor ( Fig. 4C ). Moreover, we examined whether TNF␣-induced miR-155-5p regulates cell proliferation and migration, characterized by VSMC phenotypic switching. TNF␣ and miR-155-5p mimic strongly inhibited 8-Br-cGMP-mediated phosphorylation of vasodilator-stimulated phosphoprotein (VASP), known as a cGMP/PKG1-dependent downstream mediator for inhibiting VSMC proliferation (15) , and the inhibitory effect of TNF␣ was blocked by a miR-155-5p inhibitor (Fig. 4D ). As expected, TNF␣ and miR-155-5p decreased p21 protein levels and promoted phosphorylation of retinoblastoma protein (Rb), without affecting p53 expression, and the regulatory effects of TNF␣ were mitigated by an miR-155-5p inhibitor (Fig. 4E ). As a result, treatment with TNF␣ or miR-155-5p mimic resulted in a decrease in G 0 /G 1 phase and a subsequent increase in S and G 2 /M phases, and TNF␣-induced cell cycle progression was blocked by a miR-155-5p inhibitor ( Fig. 4F ). Similar results were also observed in terms of VSMC proliferation (Fig. 4G ). In addition, TNF␣ and miR-155-5p mimic increased VSMC migration, and TNF␣-induced VSMC migration was also attenuated by a miR-155-5p inhibitor (Fig. 4 , H and I). Taken together, these findings suggest that TNF␣ stimulates VSMC phenotypic switching from the contractile to the adverse proliferative or synthetic state by miR-155-5p-mediated down-regulation of PKG1.
PKG1 inhibitors mimic TNF␣-mediated VSMC phenotypic switching
Because TNF␣ treatment resulted in phenotypic switching of VSMCs due to miR-155-5p-mediated down-regulation of PKG1 ( Fig. 4 ), we examined whether inhibition or knockdown of PKG1 directly promotes SMC phenotypic switching. Knockdown or inhibition of PKG1 in 8-Br-cGMP-exposed HASMCs by treatment with PKG1 siRNA, KT 5823, or Rp-8-pCPT-cGMP promoted cell cycle progression from the G 0 /G 1 to S phase, with subsequent entry to the G 2 /M phase ( Fig. 5A ). Furthermore, these PKG1 inhibitors effectively suppressed mRNA and protein levels of VSMC-specific genes, such as ␣-SMA, SM22␣, SM-MHC11, and calponin ( Fig. 5 , B and C). Consistent with this, PKG1 inhibitors stimulated VSMC proliferation ( Fig.  5D ). All of the cellular events induced by PKG1 inhibitors were similar to those observed in HASMCs treated with TNF␣ or miR-155 mimic (Fig. 4) . These results suggest that PKG1, which is a target of TNF␣-induced miR-155-5p, is a crucial mediator 
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for NO/cGMP-dependent maintenance of the contractile phenotype of VSMCs.
TNF␣-induced miR-155-5p impairs cGMP-mediated vasodilation via PKG1 down-regulation
The cGMP/PKG1 pathway plays an important role in not only maintaining the VSMC contractile phenotype but also regulating vascular relaxation (16) . We examined the functional role of TNF␣-induced miR-155-5p in cGMP/PKG1-mediated vasorelaxation. 8-Br-cGMP treatment maintained low phosphorylation of myosin light-chain phosphatase 1 (MYPT1) at Thr-696 and myosin light chain (MLC), which are signal mediators downstream of PKG1 (17); however, their phosphorylation levels were elevated by co-treatment with either TNF␣ or miR-155-5p mimic, and TNF␣-induced phosphorylation of MYPT1 and MLC was blocked by an miR-155-5p inhibitor (Fig.  6A ). Based on these results, we further examined the effect of the miR-155-5p/PKG1 axis on the ex vivo vasorelaxant responses of de-endothelialized mouse aortic vessels to NO and cGMP. Treatment with TNF␣, TNF␣ plus miR-155-5p inhibitor, and miR-155-5p mimic did not induce a vasodilatory response of de-endothelialized vessels to the endothelium-dependent vasodilator acetylcholine, in contrast to the vasorelaxation activity of intact vessels (Fig. 6B ). How-ever, treatment of de-endothelialized aortic vessels with TNF␣ or miR-155-5p mimic significantly decreased the vasodilatory responses to the NO donor sodium nitroprusside (SNP) and 8-Br-cGMP, and the TNF␣-induced decrease in vasodilation was reversed by an miR-155-5p inhibitor (Fig.  6 , C and D). These results suggest that TNF␣-induced miR-155-5p inhibits cGMP-dependent vasorelaxation by silencing PKG1.
NF-B activation is essential for TNF␣-induced VSMC dysfunction
As the NF-B pathway plays a key role in expression of various inflammatory genes in response to TNF␣ (18), we examined whether NF-B contributes to VSMC phenotypic switching and vasodilatory dysfunction induced by TNF␣. The NF-B inhibitor Bay 11-7082 blocked TNF␣-mediated down-regulation of VSMC-specific contractile phenotype marker genes, such as ␣-SMA, SM22␣, SM-MHC11, and calponin (Fig. 7, A  and B ). In addition, Bay 11-7082 reversed the TNF␣-mediated morphological changes of HASMCs to the synthetic phenotype with reduced actin polymerization ( Fig. 7C ). Moreover, we also found that Bay 11-7082 prevented the inhibitory effect of TNF␣ on the vasorelaxant response of de-endothelialized mouse aortic vessels to 8-Br-cGMP ( Fig. 7D ). These findings suggest that 
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the NF-B pathway is crucially involved in VSMC phenotypic switching and vasodilatory dysfunction, probably through miR-155-5p-mediated PKG1 down-regulation. Thus, acti-vation of the NF-B signaling pathway is likely to be a key characteristic of many cardiovascular diseases caused by inflammatory states. 
Discussion
The pro-inflammatory cytokines, TNF␣ and IL-1␤, are significantly elevated in various disease states and considered as pathogenic risk factors for several vascular diseases, including atherosclerosis and preeclamptic hypertension (19 -21) . These cytokines cause either endothelial or VSMC dysfunction through impairment of the NO/cGMP pathway that plays a crucial role in vascular function, leading to intimal hyperplasia in atherosclerosis and hypertension in preeclampsia (7, 13) . We have previously reported that inflammatory cytokines inhibit endothelial cell-dependent vascular remodeling and vasorelaxation through down-regulation of eNOS expression by promoting NF-Bdependent biogenesis of miR-155-5p (13, 14) . However, little is known about the molecular mechanism by which inflammatory cytokines induce VSMC dysfunction associated with cardiovascular diseases. In this study, we found that TNF␣ promoted VSMC phenotypic switching and impaired vasorelaxation through inhibition of PKG1, a downstream signaling target of cGMP, by inducing NF-B-responsive miR-155-5p biogenesis. Our results suggest that NF-B-responsive miR-155-5p is a pathological determinant for intimal hyperplasia and hypertension by decreasing PKG1 expression in inflammatory disease states.
Immune cell infiltration and cytokine production are crucial pathogenic processes in the early stage of cardiovascular diseases. Persistent increases in circulating or local levels of the cytokines are associated with the pathogenesis of vascular dysfunction and cardiovascular diseases, such as atherosclerosis, aortic aneurysm, and hypertension (22) (23) (24) . Although cytokines are important mediators of vascular immune responses, they also promote endothelial cell dysfunction and alter VSMC phenotype, which contribute to vascular pathologies (13, 25) . Among cytokines, TNF␣ is a typical risk factor for cardiovascular disorders through the induction of inflammation-associated genes by activating NF-B. Advanced studies showed that blocking NF-B activation is beneficial in a number of inflammatory vascular diseases, including atherosclerosis (26) and hypertension (27) , suggesting that NF-B is a key pathogenic factor in the pathogenesis of cardiovascular diseases. Recent studies have demonstrated that NF-B impairs endothelial function by stimulating biogenesis of miR-155-5p, which is a negative regulator of eNOS expression (13) . This suggests that NF-B-responsive miR-155-5p indirectly impairs VSMC function through inhibition of eNOS-derived NO production. However, the molecular mechanism by which TNF␣-dependent activation of NF-B directly induces VSMC dysfunction has not been clearly elucidated. Our data demonstrate that NF-B-responsive miR-155-5p is crucially involved in TNF␣induced VSMC dysfunction by targeting the PKG1 mRNA 3Ј-UTR.
Similar to the determinant role of eNOS/NO in endothelial cell function, the cGMP/PKG pathway is also essential for maintenance of the contractile phenotype and relaxation of VSMCs. There are two types of PKG, PKG1 and PKG2. PKG1 is predominantly expressed in cardiovascular tissues, whereas the expression of PKG2 is generally restricted to the brain, intestine, and kidneys (28) , indicating that PKG1 may be more important than PKG2 in VSMC function associated with cardiovascular homeostasis. It has been demonstrated that PKG1 was down-regulated in pathological conditions of various cardiovascular disorders (4, 7) . Indeed, PKG1 expression was decreased in neointimal smooth muscle cells of swine and rat coronary arteries after balloon catheter injury (29, 30) , and this pathological process was blunted by adenoviral PKG1 gene delivery (30) . In addition, SMC-specific deletion of PKG1 has been shown to abolish NO/cGMP-dependent vascular relaxation, resulting in a significant elevation of arterial blood pressure; thus, it was not altered by administration of the exogenous NO donor DEA-NO (31) . Therefore, pathological inhibition of PKG1 expression directly dysregulates VSMCdependent vascular homeostasis, which is normally controlled by the NO/cGMP pathway. Accordingly, our results demonstrated that TNF␣-mediated PKG1 down-regulation stimulates VSMC phenotypic modulation and impairs vascular relaxation.
Circulating cytokine levels are directly associated with NF-B activation in the pathogenic conditions of cardiovascular disorders, including atherosclerosis and preeclamptic hypertension (19 -21) . TNF␣ and IL-1␤ not only cause endothelial dysfunction via eNOS down-regulation (14) but also inhibit VSMC phenotypic modulation and intimal hyperplasia after vascular injury, although the mechanism was unclear (32). However, it has been shown previously that these cytokines result in a significant decrease in PKG1 expression in primary cultured bovine aortic VSMCs (7) , which, in agreement with data, suggests that inflammatory down-regulation of PKG1 is likely to be associated with VSMC dysfunction. Another previous study nicely demonstrated that TNF␣ stimulates VSMC migration, which can be abolished by overexpression of a dominant-negative IB␣ mutant (33) . These findings provide evidence that NF-B is crucially involved in VSMC phenotypic switching. Moreover, SMC-selective mutant IB-expressing mice prevented VSMC phenotypic switching and neointima formation after arterial injury (34) , strongly suggesting that activation of the NF-B pathway contributes to inflammatory cardiovascular diseases. Consistent with these observations, our data demonstrate that NF-B-responsive miR-155-5p is essential for TNF␣-mediated VSMC phenotypic modulation by targeting the PKG1 transcript, further providing new evidence that PKG1 is a negative target gene of NF-B.
There are several proposed mechanisms in PKG1-dependent regulation of vascular function. Activation of PKG1 by cGMP preferentially phosphorylates MYPT1 at Ser-695, with subsequent prevention of inhibitory phosphorylation at the adjacent Thr-696 (35) . This event leads to stimulation of VSMC relaxation by increasing dephosphorylation of MLC. In addition, PKG1 suppresses VSMC proliferation by negatively regulating cell cycle progression through p53-independent up-regulation of the cyclin-dependent kinase inhibitors p21 and p27 (36) or inhibitory hyperphosphorylation of the G 1 /S transcription inhibitor Rb (37) . Elevated levels of p21, p27, and hyperphospho-Rb are critical for negatively regulating cell cycle progression not only from G 1 to S phase, but also through S phase. On the other hand, PKG1 also induces inhibitory phosphorylation of VASP at Ser-239 (15) . VASP normally localizes at focal adhe-
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sion sites, binds to F-actin and G-actin, and facilitates locally constrained actin polymerization and lamellipodial protrusions (38) , leading to stimulation of cell spreading and migration. However, PKG1-mediated inhibitory phosphorylation of VASP at Ser-239 inhibits VSMC migration and proliferation by disassembly of focal adhesions (15) . This evidence suggests that impaired PKG1 function stimulates VSMC phenotypic switching from the contractile to synthetic state. Accordingly, our data show that TNF␣ increased VSMC phenotypic switching by down-regulating PKG1 through NF-Bresponsive biogenesis of miR-55-5p, implying that miR-155-5p can be used as a therapeutic target for inflammatory vascular diseases.
Accumulating evidence indicates that nonphysiological expression of miRNAs contributes to the pathogenesis of various diseases, including cardiovascular disorders. In particular, a growing number of miRNAs, such as miR-1 (39), miR-21 (40), miR-22 (9), miR-34a (41), miR-133 (10), miR-145 (11), miR-214 (42) , and miR-663 (43) , have been implicated in phenotypic modulation of VSMCs, leading to neointima formation in a mouse model of vascular injury or atherosclerosis. Although their target genes associated with VSMC dysfunction have been identified, biogenic mechanisms of these miRNAs have not been clearly elucidated under pathological conditions. We previously showed that NF-B is crucially involved in expression of the miR-155-5p host gene MIR155HG by binding to its promoter at the 1150-nt region upstream of the transcription start site (14) . Data from this study demonstrate that miR-155-5p inhibited PKG1 expression and subsequently stimulated VSMC phenotypic switching and vascular dysfunction. Collectively, these findings suggest that NF-B plays an important role in the pathogenesis of inflammatory cardiovascular diseases by negatively regulating PKG1 expression through biogenesis of miR-155-5p. However, miR-155-5p appears to play a conflicting role, either as pro-or anti-atherogenic, in the pathogenesis of atherosclerosis (44) . Recently, advanced studies have clearly demonstrated that this miRNA is pro-atherogenic in a high fat-induced atherosclerosis model and a vascular injury model using miR-155 Ϫ/Ϫ mice (45, 46) , although they did not identify the target genes. Although miR-155-15 can target multiple mRNAs, we propose that it may play an important role in VSMC dysfunction by suppressing PKG1 expression in inflammatory conditions.
Taken together, this study puts forward compelling evidence that NF-B-responsive miR-155-5p is a novel regulator of TNF␣-induced VSMC phenotypic switching and vascular dysregulation by down-regulating expression levels of PKG1, a major downstream target of the NO/cGMP pathway. Our data provide a possible mechanistic explanation for the pathogenic role of inflammatory cytokines, including TNF␣, in the pathogenesis of atherosclerosis and hypertension, which is likely due to VSMC dysfunction through the NF-B/miR-155-5p/PKG1 signaling pathway. Furthermore, these findings strongly suggest that NF-B-responsive miR-155-5p may be a new therapeutic target for human inflammatory vascular diseases, including atherosclerosis, hypertension, and preeclampsia.
Experimental procedures
Materials
Smooth muscle cell culture media, supplements, and poly-Llysine were purchased from ScienCell Research Laboratories (San Diego, CA). Lipofectamine RNAiMAX and Lipofectamine 3000 were obtained from Invitrogen. The following antibodies were used in this study: antibodies against ␣-SMA (sc-130616; 1:3000), p21 (sc-6246; 1:1000), and Rb (sc-102; 1:1000) from Santa Cruz Biotechnology, Inc.; PKG1 (ADI-KAP-PK005; 1:1000) from Enzo Life Sciences (Farmingdale, NY); calponin (ab46794; 1:5000), SM22␣ (ab14106; 1:5000), and IKK␤ 
VSMC culture and treatment
All animal studies were approved and performed in accordance with the guidelines of the institutional animal care and use ethics committee of Kangwon National University (approval KW-171227-1). MASMCs were isolated from aortic vessels of male C57BL/6J mice as described previously (47) . In brief, mouse aortic vessels were placed into cold PBS, and fatty tissues were carefully removed under a dissecting microscope. After washing three times with cold PBS, the aortas were incubated with HBSS containing collagenase type 2 (1 mg/ml), elastase (0.744 units/ml), and soybean trypsin inhibitor (1 mg/ml) at 37°C for 10 min to remove endothelial cells and extracellular matrix proteins. The vessels were washed three times with cold PBS, and the adventitia was removed using sterile forceps under a dissecting microscope. Adventitia-eliminated aortas were washed with cold PBS and incubated again in HBSS containing collagenase type 2, elastase, and soybean trypsin inhibitor at 37°C for 1 h. After the aortas were dissolved, supernatants were centrifuged at 900 ϫ g for 5 min. The pellets were resuspended in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and 1% penicillin/streptomycin and then seeded
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onto 5% gelatin-coated culture dishes. MASMCs were identified by their "spindle-shaped" pattern and further confirmed by double staining using PECAM-1, a specific marker for endothelial cells, and ␣-SMA, a specific marker for SMCs. All cells stained positive for ␣-SMA, but not for PECAM-1. HASMCs (catalog no. 6110, ScienCell, San Diego, CA) were grown in smooth muscle cell culture medium supplemented with 10 ml of fetal bovine serum, 5 ml of smooth muscle cell growth supplement, 5 ml of penicillin/streptomycin solution at 37°C in a humidified CO 2 incubator and used at passages 3-5. VSMCs were seeded into 6-well plates coated with poly-L-lysine (15 g/ml) at a density of 2 ϫ 10 5 cells/well and maintained for 1 day. Subsequently, the cells were further cultured in serum-free medium for 24 h and transfected with 80 nM control miRNA, miR-155 mimic, or miR-155 inhibitor and 80 nM siRNAs in Opti-MEM reduced serum medium using Lipofectamine RNAiMAX according to the manufacturer's instructions. After a 24-h incubation, cells were stimulated with TNF␣ (10 ng/ml) for 48 h.
Reporter gene assay
HASMCs were transfected with 1 g of psiCHECK-2-human PRKG1 3Ј-UTR reporter constructs containing either complementary sequence (WT, ϳ0.8 kb; nt 2909 -3746) for miR-155-5p or its mutant (Fig. S2B ) or empty vectors using Lipofectamine 3000. After a 24-h incubation, cells were stimulated with TNF␣ (10 ng/ml) for 48 h. Reporter gene activity was assayed by a Dual-Luciferase reporter assay kit (Promega, Madison, WI).
Quantitative real-time PCR (qRT-PCR) analysis
Total miRNAs were isolated from HASMCs using a miR-Neasy minikit. cDNAs were prepared from 1 g of miRNAs using a miScript II RT Kit. qRT-PCR was performed with the miScript SYBR Green PCR kit according to the manufacturer's instructions. miR-155-5p levels were analyzed by the miScript primer assay with miR-155-5p-specific and universal primers and normalized to SNORD-95. Total mRNAs were also isolated from cells or tissues using TRIzol reagent, and the mRNA levels of target genes were determined and quantitated by qRT-PCR using their specific primers and normalized to glyceraldehyde-3-phosphate dehydrogenase (48) . The primers used in this study are presented in Table S1 .
Western blot analysis
HASMCs were suspended in radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1% SDS) and incubated on ice for 30 min for complete cell lysis. Aortic vessels were homogenized in radioimmune precipitation assay buffer using a BioMasher-II homogenizer (Optima, Tokyo, Japan). Cell and tissue debris was removed by centrifugation at 12,000 ϫ g for 15 min. Lysates (30 g of protein) were separated by SDS-PAGE, and target protein levels were determined by Western blot analysis (49) .
FACS analysis
HASMCs were transfected with miRNA analogues and treated with TNF␣ (10 ng/ml) for 48 h, followed by stimulation with or without 8-Br-cGMP (100 M) for 12 h. Cells were harvested with 1 ml of trypsin-EDTA and centrifuged at 900 ϫ g for 5 min at room temperature. Cell pellets were fixed with 70% ethanol for 12 h at 4°C and washed with PBS at 900 ϫ g for 5 min. Cells were resuspended in 0.3 ml of PBS containing 20 g/ml RNase A and mixed with 3 l of PI (5 mg/ml). The solution was incubated at 37°C for 30 min. DNA fluorescence of nuclei was measured with a FACScan flow cytometer (17) .
Phalloidin immunocytochemistry
HASMCs were transfected with miRNA analogues and stimulated with or without TNF␣ (10 ng/ml) for 48 h, followed by treatment with or without 8-Br-cGMP (100 M) for 24 h. The cells were fixed in 3.7% formaldehyde for 30 min at room temperature, washed gently, and permeabilized with Triton X-100, followed by incubation with Alexa Fluor 488 phalloidin (Thermo Fisher Scientific). Nuclei were stained with 4Ј,6-diamidino-2-phenylindole (DAPI) dihydrochloride (Thermo Fisher Scientific). Images were obtained using a confocal laser microscope.
VSMC proliferation assay
HASMCs were transfected with miRNA analogues and stimulated with TNF␣ (10 ng/ml) for 48 h, followed by stimulation with 8-Br-cGMP (100 M) for 12 h. Cells were incubated with [ 3 H]thymidine (1 Ci/ml; Amersham Biosciences, Alyesbury, UK) for 6 h. The level of 3 H-labeled DNA was determined after TCA precipitation using a liquid scintillation counter (50) .
VSMC wound migration assay
After HASMCs were stimulated TNF␣ (10 ng/ml) for 48 h, a linear wound was then gently introduced in the center of the cell monolayer using a SPLScar TM scratcher (SPL Life Sciences, Pocheon, Korea). Cells were then subjected to stimulation with or without 8-Br-cGMP at a final concentration of 100 M for an additional 24 h, and images were captured using an Olympus IX71 microscope equipped with a digital camera (Canon Inc., Tokyo, Japan). The wound width was calculated as the average distance between the edges of the scratch using ImageJ software (National Institutes of Health, Bethesda, MD).
Vascular tension assay
Male C57BL/6J mice were anesthetized via inhalation of isoflurane, and the thoracic aortic vessels were rapidly removed. Each aorta was placed on ice-cold oxygenated Krebs-Ringer bicarbonate solution (118.3 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 1.6 mM CaCl 2 , 25 mM NaHCO 3 , 11.1 mM glucose), and the endothelial layers of vessels were removed physically by gentle rubbing as described previously (13) . The vessels were cut into 1.5-mm rings and transfected with miRNA analogues (80 nM) in Opti-MEM reduced serum medium using Lipofectamine RNAiMAX. The vessel rings were incubated in Dulbecco's modified Eagle's medium with or without TNF␣ (10 ng/ml) for 48 h, suspended between two wire stirrups (150 m) in a myograph (Multi Myograph System DMT-620) containing Krebs Ringer solution (95% O 2 , 5% CO 2 , pH 7.4, 37°C). One stirrup was connected to a three-dimensional micromanipulator, and the other stirrup was connected to a force transducer.
Role of TNF-␣-induced miR-155-5p in VSMC dysfunction
Relaxant responses of intact (as a positive control) and de-endothelialized vessel rings to different concentrations of acetylcholine, SNP, and 8-Br-cGMP were assessed after preconstriction with a single dose of phenylephrine (10 Ϫ5 M).
Statistical analysis
All quantitative data are expressed as mean Ϯ S.D. from three independent experiments performed in triplicate, except for vascular tone which is presented as mean Ϯ S.E. Statistical analyses were performed using GraphPad Prism version 6.0 for Windows (GraphPad Software). Statistical significance was determined using one-way analysis of variance or a two-tailed Student's t test (paired), depending on the number of experimental groups analyzed. Significance was established at a p value Ͻ 0.05. 
